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Abstract: This paper proposes the synthesis of materials capable of sorption oil dispersed in water. From the production of 
magnetic iron oxide nanoparticles, more specifically magnetite, inorganic modifications were performed using quartz and silica-
alumina, in order to identify their properties and sorption capabilities of oil. The produced materials were characterized by Fourier 
transform infrared spectroscopy (FTIR), scanning electron microscopy with energy dispersive spectroscopy (SEM/EDS), x-ray 
diffraction (XRD), sorption and magnetic force tests.  At the end of the characterizations and tests, it was concluded that the 
magnetic nanoparticles were successfully modified. Regarding magnetite, the sorption capacity was outstanding, while the 
modifications had the same sorption capacity. And the statistical calculations obtained by ANOVA and Tukey's method, proved 
the difference in the sorption of the samples. In addition, it was evidenced that the higher the magnetic force, the greater is the 
ability to collect the spot/nanoparticle using a magnet. 
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Adherence to the BJEDIS’ scope: The tests presented here were of great importance in validating the proposal. Thus, 
the statistical methods used, such as ANOVA and Tukey, showed the statistical relevance of the oil removal capacity of 
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Due to the development of mankind and the emergence of technology, the exploitation of natural resources 
becomes increasingly insatiable to meet the needs of the population and provide the necessary material for the 
development of new technologies (1). However, the extraction processes of these raw materials are susceptible to 
accidents that could damage the environment, sometimes irreversibly. Therefore, it is necessary to develop 
measures to control and remedy the accidents in question (2). 
Many are the searches for materials that can solve the problems related to environmental accidents, as well 
as ensure environmental recovery. In this sense, a new science has gained prominence, by providing promising 
results in the capacity of remediation, is the nanotechnology.  Nanomaterials have a higher surface to volume ratio 
and allow greater interaction of the contaminant with the matrix (3). 
Guerra and co-workers showed in their review paper, the possible nanomaterials produced and their 
applications, these being, silver nanoparticles that are used as disinfectant to combat escherichia coli bacteria, 
titanium oxide nanoparticles doped with metal that can remove contaminants such as 2-chlorophenol, endotoxin, 
escherichia coli, rhodamine B, Staphylococcus aureus. Nanomaterials such as titanium oxide nanoparticles are 
used as water disinfectant, soil in removing MS-2 phage virus, escherichia coli, hepatitis B virus, aromatic 
hydrocarbons, biological nitrogen and phenanthrene. There is also the class of carbon nanotubes that can capture 
nitric oxide in gas form. Nanomaterials produced with mixed binary oxide can remove methylene blue dye. Others 
based on iron can provide water decontamination by removing heavy metals, chlorinated organic solvents and 
finally, the biomethallic nanomaterials that can be employed both in water and soil to remove chlorinated and 
brominated contaminants(4). 
Among the different applications presented, another one that has been in the spotlight is oil spill 
remediation using nanomaterials. When performed a search on the topic Nanomaterials remediation oil spill in 
Google scholar in the period from 2017 to 2021, 8,970 articles are found, of which, 1,590 are of nanoparticles 
inserted in polyurethane foams, 3,450 refer to nanocellulose and 3,930 is about the use of iron oxide nanoparticles.   
The latter is the most widely used in environmental remediation applications, due to its ease of production, as well 
as its magnetic properties that facilitate its removal from the environment after remediation. In addition, they can be 
inserted into different matrices for the desired application (5).   
Iron oxide nanoparticles are considered relevant for many applications due to the presence of magnetic 
atomic dipole (µat) that makes the material paramagnetic (6), and can be superparamagnetic, being the case of 
magnetite. This mineral responds vigorously to magnetic field applications, and when this application is over, unlike 
other ferrimagnetic materials, these nanoparticles do not retain residual magnetism. Therefore, their removal after 
remediation can be facilitated with the use of a magnet. 
Although the number of articles published in relation to the use of magnetic nanoparticles is increasing, it is 
still considered low in view of the numerous materials that can be used as matrices to receive this load, as well as 
the modifications that can demonstrate the quality in environmental remediation(7). In this sense, this work comes 
with the objective of making modifications in magnetite nanoparticles using inorganic components such as quartz 
and silica-alumina and evaluate the capacity of oil removal, simulating a spill on a laboratory scale. In addition, 





Materials - Iron (III) chloride (FeCl3) and ferrous sulphate (FeSO4) were supplied by Isofar (Rio de Janeiro, 
Brazil). Sodium hydroxide (NaCl), Nitric Acid (HNO3) and isopropyl alcohol (C3H7OH) were supplied by Vetec (Rio 
de Janeiro, Brazil). The Metacaolin and Silicon Dioxide were donated. 
 
Synthesis of magnetite - The magnetite was prepared by homogeneous co-precipitation. First, 10.0 g of 
NaCl were dissolved in 20 ml of deionized water and, at room temperature, was quickly added to other solution with 
4.3560 g of FeCl4 and 6.2805 g of FeSO4. This mixture was taken to a Fisatom shaker for 5 minutes and 300 rpm.  
Then, the resulting solution went through a washing process, using 50 ml of deionized water, with the aid of a 
magnet positioned on the becker bottom containing the solution, to precipitate and group the formed magnetite 
nanoparticles. This process was repeated 3 times. After that, a treatment process was made, using 2M HNO3 
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solution, with agitation. The acid solution was washed again, using 50 mL of C3H7OH, in the same way as described 
previously. To disperse the sample, 30 ml of deionized water were added. 
Synthesis of magnetite modified with quartz – A solution with 30,0 g of NaCl in 300 mL of deionized 
water were previously prepared, using a termal plate at 50°C and 300 rpm. After complete dissolution, was added 
1,8 g of SiO2. A second solution was added containg 2,4 g of FeCl4 and 4,8 g of FeSO4 in 600 mL of deionized 
water, also at 300 rpm, for 5 minutes. The final solution went through the same washing and treatment process 
described previously. At the end, the material was dried in heater and stored. 
Synthesis of magnetite modified with silica alumina - A solution with 9,6 g of NaCl and 3,0 g of 
Metakaolin were dissolved in 20 ml of deionized water, mixing at 300 rpm. Meanwhile, other solution with 0,40 g of 
FeCl4 and 0,80 g of FeSO4 were prepared and kindly added to the first solution, remaining under agitation at 300 




 The magnetic nanoparticles produced were characterized prior to sorption tests by the techniques 
described below. 
 Scanning electron microscopy (SEM) and Dispersive Energy: SEM analyses were performed using 
JEOL JSL 5300 Microscope, Jeol Instruments, operating at five keV, set to use the secondary electron back-
scattering electron detectors.  
Fourier-transform infrared spectroscopy with Attenuated total reflectance accessory (FTIR-ATR):  
FTIR-ATR analyses of the samples’ powder were performed in a Perkin-Elmer 1720X Fourier transform 
spectrometer. The FTIR spectra were obtained using ATR (diamond crystal) in an inert atmosphere, with a 
resolution of 4 cm−1 in the range 4000–675 cm-1. Stored results were averages of 124 scans. 
X-Ray Diffraction (XRD): X-Ray Diffraction measurements were performed using a device SHIMADZU 
model DRX-6000In normal temperature and atmospheric pressure conditions, the equipment works with a copper 
source (Cu Kα = 0.154 nm) under 40 kV and 20mA.α = 0.154 nm) under 40 kV and 20mA 
Magnetic force test: Magnetic force tests were performed using a home-made experimental setup, 
described elsewhere. This setup is constituted by an analytical balance Shimadzu AY- 220, a voltage source ICEL 
PS-4100, a digital multimeter ICEL MD-6450, a gaussmeter GlobalMag TLMP-Hall-02; a home-made sample 
holder, and a home-made electromagnet. System calibration was performed in the absence of magnetic material. 
Firstly, using the amperemeter and the gaussmeter, a current versus magnetic field calibration was performed. 
Afterward, a current versus mass calibration was also performed. Obtained results were used to predict part of the 
presented error. Magnetic force tests were performed following the mass variation of the sample in the magnetic 
field's presence, produced by the electromagnet. Then, the apparent variation of mass of the sample in the 
presence of the magnetic field was calculated by subtracting the sample's mass in the magnetic field's presence 







Crude oil magnetic removal: These tests were performed at room temperature using a synthetic brine. 
The brine was prepared using sodium chloride and calcium chloride. The crude oil used presented density equal to 
0.9730 g/mL and °API (@60°F) equal to 13. Typically, a 100mL beaker containing 90mL of brine was used, into 
which 0.5g of crude oil was spilled. After that, a known weight of the absorber was added to the crude oil spot. The 
beaker was left for 5 minutes for the composites to interact with crude oil and form a semi-solid paste that could be 







 Statistical Analyses: A mean comparison test was performed for the gravimetry test. The means were 
compared by the ANOVA and Tukey’s method to observe the different values in the sorption capability. 
3. Results and Discussion 
  The SEM/EDS presented the surface morphological conditions of each sample. It also enabled the 
identification of their chemical compositions. As can be seen in Figure 1(a), the magnetite nanoparticle presented 
Synthesis and Characterization of Modified Magnetic Nanoparticles for Removal of Dispersed Oil in Water BJEDIS    151 
 
some cracks, with a non-porous structure, when compared to the literature (1).  Its chemical composition can be 
confirmed by Table 1, with the presence of approximately 70% of its composition containing Fe. It can be observed 
cracks and smaller particles around the sample (Figure 1(b)), these two characteristics may have been caused by 





Figure 1. Scanning electron microscopy, (a) magnetite, (b) modified with quartz and (c) modified with silica-alumina. 
 
Table 1 shows the predominant amount of iron, and to a lesser extent the quartz, thus proving to be a 
modified magnetite. In the sample of magnetite modified with silica-alumina, it was possible to observe the 
deposition of particles (9) (Figure 1(c)), which may be related to the presence of silica-alumina. This deposition may 
have occurred because it is possible that there are only surface interactions between the magnetite particles with 
the silica-alumina, and thus, they do not present as homogeneous composites(10).  The modification can be proven 
in Table 1 by the Energy dispersive analysis, which shows 18.96% silicon, 16.93% aluminum and 34.38% oxygen in 
which the chemical bond consists of Si-O-Al, also identified in the FTIR spectra. 
 
Table 1. Chemical composition in percent obtained by Energy Dispersive (EDS) 
 
Magnetite Quartz Silica alumina 





Iron 69,55 Iron 68,31 Oxigen 34,38 
Oxigen 15,48 Oxigen 16,62 Silícon 18,96 
Chlorine 10,08 Silícon 15,06 Sodium 18,3 
Sodium 3,27   Alumínum 16,93 
Sulfur 1,62   Iron 8,64 
    Chloride 2,79 
 
Figure 2 shows the spectra recorded for all the prepared samples. The spectrum of magnetite presents 
characteristic bands at 588 and 459 cm−1, related to the Fe=O group (11, 12). The modified nanoparticle with 
Quartz presents characteristic band at 1082 cm−1, associated with the molecular vibration of Si-O(13). The modified 
nanoparticle with silica alumina presents bands at 731 cm-1, attributed to the Al-O-Si bond, 653 cm−1 corresponding 
to Si-O bending, and at 981 cm-1 related to Si-O stretching (14).  
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Figure 2. FTIR of composites (a) Silica alumina; (b) Magnetite and (c) Quartz. 
 
 The XRD analysis presented the characteristic crystalline peaks for each sample (Figure. 3).  Magnetite 
presents peaks at 25°, 38°, 50°, 65° and 70° (15). The quartz-modified nanoparticle shows characteristic crystalline 
peaks at 20° and 40° (16) . The silica-alumina modified nanoparticle shows crystalline peaks at 14°, 22°, 34°, 43°, 
60°, 72°, 79° and 86°(17). From the crystalline peaks presented, it was possible to verify that the proposed 
modification has been carried out. In addition, the intensity of the crystalline peaks referring to the magnetite 
nanoparticles decreased, and this effect proves the coating of these samples. 
 
 
Figure 3. XRD of composites (a) Silica alumina; (b) Magnetite and (c) Quartz. 
 
The graph below (Figure 4) shows the response of the magnetic nanoparticles when subjected to a 
magnetic field, generated by a current. Magnetite shows the highest magnetic force among the three samples. 
The nanoparticles of pure magnetite, tend to agglomeration, of which are smoothed, i.e. reduced, after being 
modified with materials (18). According to the literature, the magnetite sample was already expected to exhibit 
high magnetic force response, caused by its superparamagnetic characteristics. Quartz-modified magnetite 
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showed a decrease in magnetic strength, about 70% compared to magnetite, probably due to the interaction of 
magnetite particles with an inorganic compound, which is not a magnetic material. The silica-alumina also 
imparted decreased magnetic strength, by nearly 90% relative to magnetite. At some point during synthesis, the 
iron in the magnetite was lost, partially preventing the magnetic interaction (19). However, it is still possible to 
verify some response of the silica-alumina modified nanoparticles to the electric current applied to the sample. 
 
Figure 4. Magnetic force of composites (a) Magnetite; (b) Quartz and (c) Silica alumina 
 
The sorption tests provided the sorption plots (Figure 6), which aided in identifying the intrinsic capacity 
of the nanoparticles, i.e., the minimum amount of composite required to remove a certain amount of petroleum. 
The intrinsic sorption capacity of each sample is presented in Table 2. It was possible to conclude that, 
the magnetite stood out in the sorption capacity of composites, presenting higher sorption value. Then, the 
modifications performed with quartz and silica-alumina, showed that they had the same sorption capacity per 
gram of added composite. The difference in sorption is due to the reduced magnetic attraction of the modified 
nanoparticles, proven by the magnetic force test since sorption was performed using a magnet (20).  
The nanoparticles modified were subjected to the sorption process to evaluate the material's ability to retain the 
contaminant in its structure, which in this case is oil. For this, the tests were made, and the results obtained are 





where ORC0 is the function’s offset, A is its amplitude, [MNC] is the amount in grams of the magnetic 
nanocomposites and t is the e-folding time. The results show Table 4. 
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Figure 5. Sorption capability of composites.  
 
The statistical analyses ANOVA and Tukey's method confirmed the data presented by the graph, in which 
the letters a and b, showed the difference of the magnetite sorption capacity compared to the composites. Thus, 
the main objective of this work was achieved, proving that the modifications performed, as well as the pure 
magnetite, provide an efficient removal of petroleum dispersed in water, increasing the sorption power as the 
number of composite decreases. No improvement was seen, as the intrinsic capacity values of the modified 
samples are lower. Still, they show great sorption values and small standard deviations, being a very promising 
result and providing new magnetic nanoparticles for removal of oil dispersed in water. 
 
Table 4. Intrinsic capacity of the produced nanoparticle samples. 
Intrinsic sorption capacity g/g 
Magnetite 28,06 ± 4 a 
Quartz 17,59 ± 1 b 





 The magnetic nanoparticles produced were successfully characterized. The SEM/EDS results were able to 
prove the magnetic composition of the materials and their morphologies. Furthermore, the FTIR analysis showed 
the optimal results of all chemical procedures performed. The XRD analyses showed the expected characteristic 
peaks in each diffractogram, confirming all the modifications. In turn, the magnetic force proved the presence of 
magnetic field of all the nanoparticles produced, which is necessary for oil removal, since the sorption tests are 
performed with a magnet. The sorption tests identified that from 1g of these magnetic nanoparticles, it is possible for 
the magnetite to remove 28.06 ± 4 g of oil, the quartz modified nanoparticle 17.59 ± 1 g and the silica-alumina 
modified nanoparticle to remove 15.45 ± 6 g of the oil. The statistical analyses showed the difference between the 
sorption capacity of the samples, proving that magnetite had a higher sorption capacity than the modified 
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